Abstract-A novel triple-band ultrathin metamaterial absorber (MA) with polarization independence is designed, characterized and realized in this study. The designed absorber consists of three layers. The top metallic patch is patterned in an ultrathin dielectric substrate that is backed with a ground metallic plate. The numerical simulation results show that the presented metamaterial absorber exhibits three distinct absorption peaks of 99.95%, 99.28% and 96.36% under normal incidence at frequencies of 8.115, 11.4 and 15.12 GHz, respectively. Due to its fourfold symmetry, the absorbing properties are independent of the polarization of the incident radiation angle. Moreover, in the cases of TE and TM polarization modes, the proposed absorber displays an outstanding absorption response over a wide range of incident angles up to 60 • . The physical mechanism of the absorption performance is explained by investigating the normalized input impedance, surface current and field distributions at three distinct absorption peaks. Furthermore, the presented absorber is practically validated by the excellent agreement observed between the experimental and simulated results. The designed absorber has an ultrathin thickness of 1 mm, which is 0.027λ 0 with respect to the lowest peak absorption frequency, and can be useful for several potential applications, such as electromagnetic compatibility, stealth technology and super lenses.
INTRODUCTION
The concept of a metamaterial (MM), which is a kind of composite man-made material, was first proposed in the end of the last century when Veselago first proposed the unprecedented concept of a left-hand material [1] . MMs have shown attractive electromagnetic properties that do not exist in any natural materials. Hence, MMs are applied in various areas, such as negative index of refraction [2, 3] , solar cells [4, 5] , antennas [6, 7] , invisible cloaks [8, 9] , graphene [10, 11] , terahertz imaging [12] [13] [14] , and absorbers [15] [16] [17] . In Particular, an MM was experimentally demonstrated by Smith [18] , who combined a metallic wire array and split-ring resonators according to the research results of Pendry [19, 20] . Thenceforth, the study of MM has garnered considerable attention, with applications ranging from the microwave regime to the visible regime.
Research on absorbers using metamaterial technology started from the demonstration of a Perfect Metamaterial Absorber by Landy et al. in 2008 [15] . Since then, extensive MM absorbers have been achieved and exhibit extraordinary characteristics, such as single-band [21, 22] , dual-band [17, 23] , multi-band [24] [25] [26] , broadband [27, 28] , polarization-independent [25, 29, 30] and wide oblique incident angle [23, 31, 32] . Compared with conventional absorbers, MM absorbers have many advantages including perfect absorption, ultrathin thickness, low profile, and ease of design and fabrication [33] . An absorber with multiple absorption peaks is of great importance in specific applications. To eliminate reflection efficiency and realize multiband absorption, two methods are commonly used. One method is periodically arranging multiple different sizes of unit cells in a plane [34] to allow absorber response at multiple bands; however, this approach leads to the increase in the unit cell size of the overall structure. Another conventional method is vertically stacking metallic layers to build a multilayer absorber [35] that enables multiple absorption peaks. As a result of the multilayer arrangement, the thickness of the proposed absorber structure increases, and technique of fabrication becomes much more difficult. Unfortunately, neither of the aforementioned methods is applicable in miniaturization situations. In addition, other methods are adopted to create multi-band absorption in several works by using different modes of one unit cell resonator, arranging various periodic resonance patterns in a dielectric spacing slab on top of a ground metallic board [24] [25] [26] . The absorption efficiency of the MM absorber in [24, 25] was not high enough. Moreover, some additional absorption peaks which will limit its application occurred in the absorption spectra [25] . The absorber in [26] realizing triple-band absorption has a larger unit cell size. The absorber in [29] has a thicker size, and the simulated absorption efficiency of the first resonance frequency at 7.06 GHz was only 78%.
To contribute to the development of multi-band MM absorber, a novel compact ultrathin MM absorber is numerically and experimentally investigated in this paper. Compared with the previous works, the proposed compact absorber has covered almost all the advantages, such as extremely high absorption efficiencies at three distinct frequencies, prefect absorption response spectrum, independent of polarization and remains stable over a wide range of oblique incident radiation angles in the case of both TE and TM modes. In addition, this absorber is with an ultrathin thickness and made by low-cost materials of FR4 and copper. To gain better understanding of the physical absorption mechanism, the surface current and field distributions at three absorption peaks are discussed in detail. Moreover, the proposed absorber is experimentally validated in a microwave anechoic chamber. The absorbing properties result from the interaction of the magnetic and electronic resonances.
STRUCTURE AND DESIGN
The proposed absorber structure is depicted in Figs. 1(a) and (b). Fig. 1(a) shows the side view of the whole structure. Fig. 1(b) reveals the geometric parameters of the periodic unit cell from the top view. The designed absorber consists of three sandwich-like layers. The top metallic patch is patterned in an ultrathin dielectric substrate. A ground metallic plane is backed to restrict the transmission of electromagnetic radiation. To guarantee good conductivity, the top and bottom metallic layers are made of copper, with a conductivity of 5.8 × 10 7 S/m. For easier fabrication, the thickness of both metallic layers is selected as 0.035 mm. The material of the medium dielectric substrate layer is set as low-cost FR4 material, with relative permittivity r = 4.3 and loss tangent tan δ = 0.025. After optimizing the schematic parameters of the unit cell and thickness, the final geometrical dimensions of the proposed absorber are as follows: a = 11.6, h = 1, g = 2, s = 1.4, m = 0.65, n = 0.5, d = 0.3, e = 0.15, u = 2.6, c = 5.2, t = 1 mm. In particular, the designed metamaterial absorber is ultrathin, with a thickness of 1 mm, which is only 0.027λ 0 with respect to the lowest frequency among three absorption peaks.
Numerical simulation is conducted using CST Microwave Studio, commercial electromagnetic simulation software. The full wave simulation method and finite element method are adopted. The x direction and y direction of the structure are set as unit cell periodic boundary conditions. Incident plane waves with frequency sweeping from 5 GHz to 17 GHz travel along the z direction, where the Floquet port is modeled. Transverse electric (TE) and transverse magnetic (TM) polarization modes represent the electric field parallel to the x-axis and y-axis, respectively.
The mathematical expression to calculate the absorptivity of the proposed absorber is characterized as:
where A(ω) refers to absorptivity; R(ω) denotes reflection power; and T (ω) represents transmission power. T (ω) → 0, because of the existence of the metallic background. Hence, the absorptivity of the whole structure only corresponds to the reflection part:
The matching degree between the free space impedance and input impedance of the proposed absorber is responsible for reflection power. To eliminate the reflection coefficient and maximize the matching degree, we must optimize the geometric parameter of the unit cell top of patch layer and the overall thickness of the medium dielectric substrate layer. Figure 2 shows the reflection and absorption performance of the proposed MM absorber when the incident wave is vertically excited. It is shown that there exist three distinct absorption peaks of 99.95%, 99.28% and 96.36% efficiency at frequencies of 8.115 GHz, 11.4 GHz, and 15.12 GHz, respectively. Two absorption peaks lie in X-band and the other in Ku-band. Therefore, this absorber is applicable in certain microwave applications.
RESULTS AND ANALYSIS
Under the circumstance of the vertical incidence wave, the reflection coefficient is represented as:
where η and η 0 represent the structure surface input impedance and free space impedance, respectively. When the maximum match degree between η and η 0 is obtained, i.e., η = η 0 , the refection power R(ω) = 0. According to classical impedance extraction theory [36] , the S parameter can be applied to calculate the normalized input impedance of the proposed structure. The normalized input impedance is expressed as: The plot of normalized input impedance of this absorber is shown in Fig. 3 . We can draw the conclusion that, at three distinct absorption peaks, the impedance matching results of the imaginary and real parts are approximately equal to unity and zero, respectively; these results are in good agreement with the simulated results. Moreover, the normalized input impedance further reveals that the proposed structure surface input impedance and free space impedance are well matched.
The absorbing properties under a variety of incident polarization angles are investigated. Up to a 90 • polarization angle is considered on account of the fourfold symmetry of the structure. Fig. 4 shows the absorption spectrum of the proposed MM absorber at different incident polarization angles when the incident electromagnetic wave is vertically excited. As shown in Fig. 4 , with the polarization angle varying from 0 • to 90 • in step of 15 • , the absorption responses, including the absorption peaks and the corresponding frequencies of this absorber, almost remain unchanged. The simulated results demonstrate that the proposed MM absorber is independent of the polarization angle at normal incidence.
The absorption performances under oblique incident waves of TE and TM polarization modes are studied, as shown in Fig. 5 . Fig. 5(a) shows the simulated absorption spectra of various polarization angles of TE mode. In the case of the TE mode, the electric field remains parallel to the x direction, and the propagation direction of magnetic field and incident wave changes with the oblique incident angle. Fig. 5(a) shows that, for incident TE polarization angles ranging from 0 • to 30 • , the absorptivity at all three distinct frequencies with respect to absorptions peaks remains near unity. Moreover, when the incident polarization angles range from 40 • to 60 • , the absorptivity at the lowest absorption frequency (8.115 GHz) and the medium absorption frequency (11.4 GHz) decreases as the incident polarization angle increases. Moreover, viewing the absorption response at the highest absorption frequency (15.12 GHz), the highest absorption frequency generally decreases as the incident angle increases, i.e., moves left in Fig. 5(a) . Additionally, some other absorption peaks appear at the higher frequency band relative to the highest absorption peak. These additional absorption peaks emerge as a result of the parasitic resonances at the inner proposed structure, and the absorptivity decreases as the incident polarization increases. Fig. 5 (b) displays the simulated absorptivity under different polarization angles of the TM mode. Here electric field remains parallel to the y-direction, and the others change with the oblique incident angle. It is clearly seen that the absorption response under TM mode has almost the same trend as that in the case of TE mode. Furthermore, Fig. 6, Fig. 7, Fig. 8 , and Fig. 9 present the resonance characteristics of the current distributions on the top and bottom surfaces as well as the electric field and magnetic field distributions of the proposed absorber at the three bands of 8.115 GHz, 11.4 GHz, and 15.12 GHz, respectively. The surface current direction can be observed from the arrows, and the color refers to the intensity degree.
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Vertically viewing and comparing Fig. 6(a) , Fig. 7(a) , Fig. 8(a) , and Fig. 9(a) , the surface current and the magnetic field distributions at specific frequencies of 8.115 GHz, it is seen that the surface current and magnetic field distributions are in high agreement. The higher surface the current density is, the greater the magnetic field density is, and vice versa. When comparing the surface current and electric field distributions, one can conclude that at the location where the surface current density is enhanced, the magnetic field density is reduced. The same trend is observed at frequencies of 11.4 GHz and 15.12 GHz, as well.
As shown in Fig. 6 and Fig. 7 , the surface currents on the top and bottom metal layers of the proposed structure are parallel in opposite directions. This phenomenon indicates that a circulating current loop is formed, and thus magnetic resonances are created at the inner unit cell structure to promote the power loss in the structure. Moreover, the electric dipole response [37] is induced by the coupling between the upper metal layer and the incident electromagnetic waves. It can be clearly identified from the surface current density distributions that, different sections of the metamaterial resonator are responsible for the absorption properties at three discrete resonance frequency bands. The lower and middle absorption resonance frequencies are induced due to the four corners and the center part of the top layer pattern. The higher absorption resonance frequency is attributed to the four sections around midpoint of each edge of the upper layer structure. Hence, the magnetic resonances along with the electric dipole response simultaneously further explain the excellent triple-band absorption performance.
EXPERIMENTAL VERIFICATION
The prototype of the proposed ultrathin absorber was fabricated using a standard print circuit board (PCB) technology, as shown in Fig. 10(a) . The original fabricated sample with dimensions of 240 mm × 240 mm is composed of 10 × 10 unit cell that is printed on an FR-4 dielectric substrate with a thickness of 1 mm, and is backed with a copper layer. For better measurement environment, a larger-scale testing prototype with dimensions of 480 mm × 480 mm is re-fabricated by combining four original fabricated samples together, and the experimental measurements are conducted in a microwave anechoic chamber. In detail, two broadband standard-gain horn antennas connected to an Agilent E8362C vector network analyzer were used. The block-diagram for practical measurement setup of the presented absorber is depicted in Fig. 10(b) . A reference experiment was first performed by measuring the reflectivity of the same-sized copper plate. The actual reflection of the designed absorber was determined by the difference of the reflectivity between the reference copper plate and fabricated prototype.
The experimentally conducted absorptivity of the presented MM absorber at normal incidence compared with the simulated absorptivity is shown in Fig. 11 . Clearly, there also exist three distinct absorption frequencies of 8.72, 11.48 and 14.74 GHz, and the corresponding absorption efficiencies are 96.72%, 98.28% and 95.17%, respectively. In comparison, the measured absorption performance has slight deviations in the absorption frequencies and the related absorptivity values. The deviation is caused by factors such as the finite size of the fabricated prototype, the re-fabrication making largersize testing prototype, and the additional ambient scatters. The absorption spectrum at a variety of polarization angles is experimentally measured, as depicted in Fig. 12 . Compared with the simulated absorption spectra, it is obvious that the experimental absorption response is dependent on the polarization angles as well. The three absorption peaks correspondingly float to 8.72, 11.48 and 14.74 GHz, and the absorption efficiencies reduce slightly. From Fig. 13(a) and Fig. 13(b) , the measured absorption responses in TE and TM polarization modes with polarization angles ranging from 0 • to 30 • verify the high absorption efficiencies of 96.72%, 98.28% and 95.17% at frequencies of 8.72, 11.48 and 14.74 GHz, respectively; these results are in good agreement with the simulated results.
In summary, the measurement results practically verify that the presented metamaterial absorber in this paper is capable of triple-band absorptivity.
CONCLUSION
The triple-band polarization-independent metamaterial absorber presented in this paper can realize absorptivities of 99.95%, 99.28% and 96.36% at three distinct absorption frequencies of 8.115 GHz, 11.4 GHz and 15.12 GHz, respectively. Moreover, the proposed absorber was demonstrated to have an ultrathin thickness and exhibited excellent absorption response, regardless of the normal incidence angle, even under a wide range of oblique incident angles. The physical absorption mechanism was investigated by analyzing the surface current and field distribution at the absorption frequencies. The experimental results of the fabricated structure were found in great agreement with the simulated ones. Therefore, the designed absorber can be used in applications such as electromagnetic compatibility, stealth technology, and super lenses.
